Purpose: The purpose of the study was to determine the incidence of iron deficiency in children undergoing therapy for phenylketonuria using serum transferrin receptor and ferritin concentrations. Methods: A 1-year study was 
Phenylketonuria (PKU) (McKusick 26160) is an inherited disorder of phenylalanine (Phe) metabolism characterized by the inability to normally change Phe to tyrosine (Tyr) due to mutation(s) in the phenylalanine hydroxylase (PAH) gene (EC1.14.16.1). Without diet restriction of Phe to maintain plasma Phe concentration between 120 and 360 mol/L, severe mental retardation, seizures, skin lesions, and neurological symptoms occur in affected persons. 1 Diet restriction of Phe requires the use of a Phe-free medical food to supply, on average, 75% of prescribed protein. 2 Intact protein from low-protein cereals, fruits, and vegetables to supply the Phe requirement provides the remainder of the protein prescription, whereas additional energy needs are satisfied by nitrogen-free foods such as pure sugars and oils. Using serum ferritin concentration as the indicator, a number of investigators [2] [3] [4] [5] have reported iron deficiency in children undergoing therapy for PKU despite iron intakes greater than Recommended Dietary Allowances (RDA). 6, 7 The form of iron in all medical foods used in the United States for children with PKU is ferrous sulfate of which about 3% to 5% is normally absorbed. 8 Iron deficiency in normal infants and children is reported to affect cognitive development 9 and behavior, 10 whereas children with PKU are at cognitive and behavioral risk due to their disorder. 11 The purpose of this study was to determine the incidence of iron deficiency in children undergoing therapy for PKU using serum transferrin receptor (TFR) and ferritin concentrations.
MATERIALS AND METHODS

Study design
A 1-year longitudinal study was conducted in children with PKU ages 2 Ͻ 13 years undergoing therapy with Phe-free medical foods. Nutrient intake was assessed at baseline and every 3 months during study and hemoglobin, hematocrit, ferritin, and TFR concentrations were assessed at baseline and study end. This study began in March, 1996, and ended December 1999. Three sites participated in the study.
Ethical considerations
Investigators obtained approval of the study and consent form from the Institutional Review Board at participating clinics or hospitals. Parents of all children signed informed consent forms.
Subject selection criteria
Children who met the following criteria were studied: diagnosed with classical PKU and treatment initiated within the first month of life; free of major congenital anomalies and cardiac, liver, neurological, renal, or pulmonary disease; major surgery, trauma, and broken bones did not occur during study; Ն 2 but Ͻ 12 years of age and not beyond Tanner development stage 2 12 at study entrance. Parents agreed to follow the nutrition support protocol that required ingestion of a daily minimum total protein from medical food and intact protein of 30 g by 2 Ͻ 4 year olds, 35 g by 4 Ͻ 7 year olds, 40 g by 7 Ͻ 11 year olds, 50 g by females 11 Ͻ 13 years old, and 55 g by males 11 Ͻ 13 years old.
Study feedings
Periflex, Phenex-2, and Phenyl-free
Selected nutrients provided by labels for medical foods per 100 g are shown in Table 1 . Periflex is manufactured by Scientific Hospital Supplies, Ltd, Liverpool, UK. Phenex-2 Amino Acid-Modified Medical food is manufactured by Ross Products Division, Abbott Laboratories, Columbus, OH. Composition of Phenyl-Free (Mead Johnson Nutritionals, Evansville, IN) changed somewhat during the study with a slight decrease in protein equivalent and energy. Protein equivalent content of these medical foods is based on nitrogen content, i.e., nitrogen (g) ϫ 6.25 ϭ g protein equivalent.
Diet assessment
Diet assessment was based on 3-day diet diaries obtained at baseline and 3, 6, 9, and 12 months of study. Parents were taught to record diet diaries by the local nutritionist. Amino Acid Analyzer software (Ross Products Division, Abbott Laboratories, Columbus, OH) was used to calculate means of 3-day nutrient intakes from medical foods and intact proteincontaining foods. Mean Ϯ SEM of protein, iron, and vitamin C at baseline and during study were compared to Recommended Dietary Intakes (RDIs) ( Table 2 ), a modification of 1980 and 1989 RDAs. 6, 7 For purposes of this study, RDIs were defined as the greatest values for age in the 1980 and 1989 RDAs. 6, 7 These values were used, rather than RDAs recently proposed by the Institute of Medicine for normal persons on diets with intact protein containing naturally occurring minerals and vitamins, 13 because previous reports have shown that when elemental medical foods are the primary source of protein equivalent, requirements to maintain biochemical indices of nutrition status within reference ranges are greater than RDAs. [2] [3] [4] [5] The percentages of means of 3-day diets with nutrient intakes Ͻ 100% of RDIs were calculated.
Whole blood and serum measures
Venous blood was drawn (4.5 mL without anticoagulant), 2 to 4 hours postprandially at baseline and 12 months of study by a certified technologist, nurse, or physician. Hemoglobin and hematocrit were analyzed in 2 mL of whole blood in local laboratories by automated techniques. Reference ranges for hemoglobin and hematocrit by age and gender are given in Table 3 . 14 Blood (2.5 mL) was centrifuged at 1000 rpm for 10 minutes and serum was transferred into two 1-mL tubes, labeled, and stored at Ϫ70°C, until shipment on dry ice to Clinical Nutrition Laboratory, Albuquerque, NM. Serum was used to quantitate concentrations of ferritin (enzyme immunoassay, Ferrizyme Kit, Abbott Laboratories, North Chicago, IL). Serum was also used to assay TFRs based on the double antibody sandwich method (Ramco Laboratories, Inc., Houston, TX). The concentration of TFR in the sample was determined by comparing the sample's optical density reading with a standard curve graph. 15, 16 Control sera of known TFR concentrations were run with each assay. All assays were run in the Clinical Nutrition Laboratory, Albuquerque, NM. According to Olivares et al., 17 the sensitivity of TFR when Ͼ 135 g/L is 23.6%, and the specificity is 98.3%. The sensitivity of TFR/ferritin ratio when Ͼ 975 is 68.4%, and the specificity is 63.3%. Serum ferritin concentrations Ͻ 12 g/L, TFRs Ն 9000 g/L, and a TFR/ferritin ratio Ն 500 were considered to be indicative of iron deficiency. 18, 19 Statistical methods Nutrient intakes at baseline and during study and iron status indices at baseline and 12 months were analyzed by ANOVA. Number and percentages of hemoglobin, hematocrit, ferritin, TFRs, and transferrin receptor/ferritin ratios outside of reference ranges were calculated. A t test was run to determine if there were significant differences in means of iron status indices of children 2 Ͻ 6 years of age and those 6 Ͻ 13 years of age.
Pearson and Spearman correlation coefficients were run between iron intakes and indices of iron status. A value of P Ͻ 0.05 was considered significant.
RESULTS
Subjects
Nine children were in Group I (Periflex-fed), 16 children were in Group II (Phenex-fed), and 15 children were in Group III (Phenyl-Free-fed); 1 child in each group was a protocol failure. Only children completing the study were evaluated for this report. Ages (mean Ϯ SEM) at study entrance were 5.8 Ϯ 0.9 years, 4.4 Ϯ 0.8 years, and 7.2 Ϯ 0.5 years, respectively, for Groups I, II, and III. Forty-three percent of children were female and 73% were Caucasian. Five children had consumed Periflex for 0.80 Ϯ 0.30 years, 12 children had ingested Phenex for 0.86 Ϯ 0.28 years, and 14 children had ingested Phenyl-Free for 3.62 Ϯ 0.80 years before study entrance.
Medical food and selected nutrient intakes
Both Group I and Group III children consumed significantly greater (P Ͻ 0.001) amounts of medical food than Group II children (Table 4 ). Group III children had a greater mean intake of protein than Group I children both at baseline (P Ͻ 0.01) and during study. However, intake of protein as a percentage of RDI did not differ among groups. Children in Group I had seven diet diaries, children in Group II had one diet diary, and children in Group III had three diet diaries below RDI for protein during study. Group III children had a greater intake of iron than the other two groups of children as total per day and as a percentage of RDI at baseline and during study (P Ͻ 0.001). Only one child in Group II had two diet diaries with iron less than RDI. Table 4 describes percentages of 3-day mean intakes of protein and iron that were Ͻ 100% of RDIs by each group. Mean vitamin C intakes of all 3 groups were significantly greater than RDIs. Table 5 provides means (ϮSEM) of hemoglobin, hematocrit, ferritin, TFRs, and TFR/ferritin ratios at baseline and study end. Mean TFRs were significantly greater (P Ͻ 0.05) in Group III children than in Group II children at baseline. At study end, no significant difference was found in any index of iron status, although mean serum ferritin tended to be lower in Group I children than in the other two groups. At baseline, eight children had TFRs Ն 9000 g/L, suggesting iron deficiency. Two children were in Group I, one was in Group II, and five were in Group III,. At study end, four children ranging in age from 7.00 to 11.33 years had TFRs Ն 9000 g/L, three of whom had been elevated at baseline. No significant difference was found in iron status indices of younger versus older children.
Iron status indices
DISCUSSION Medical food and selected nutrient intakes
Group II children had a lower mean intake of medical food than the other two groups. This lower intake of medical food was related to the greater protein equivalent content of the medical food used by Group II (30 g/100 g) compared to that of the other 2 medical foods (Ϸ 20 g/100 g each). The younger age of Group II children may also have been partially responsible for the differences in intake.
The greater total daily mean protein intake during study by the children in Group III was due to the significantly older age of this group, because there were no differences between groups when mean protein intakes were presented as a percentage of RDI. Although Group II and III children consumed similar mean percentages of RDI for protein, Group I children tended to have a lower mean protein intake during study. Also, 7 of 32 3-day diet diaries of children in Group I and 3 of 56 3-day diet diaries of children in Group III failed to provide 100% of RDI for protein. Total daily mean iron intake and intake as a percentage of RDI were greatest by the children in Group III, the oldest group.
Iron status indices
A number of reports have suggested that iron deficiency and iron-deficiency anemia are common in children undergoing therapy for PKU. 2-5,20 -23 In the present study, after at least 1 year of ingesting study medical foods, mean indices of iron status of children in each group did not differ and were within reference ranges. However, overall, Group II children tended to have fewer indices of iron status outside the reference ranges at study end versus indices for Groups I and III. No child in any feeding group was anemic, substantiating data by Gropper et al. 23 Body iron is found in three compartments. Metabolically active iron in iron-requiring proteins and enzymes is termed the functional compartment. The largest component of this compartment is hemoglobin. Iron absorbed from the gut in excess of that required for the functional compartment is incorporated into storage proteins constituting the storage compartment, of which ferritin is the major storage tissue. Storage and functional compartments are linked by a small transport compartment consisting of transferrin iron, which is delivered to tissues via TFRs on individual cells. 18 Not only does the TFR facilitate the transport of transferrin-bound iron from the extracellular environment to the intracellular endocytic vesicle, but it also impedes the release of iron from transferrin at the cell surface and, thus, protects the membrane from peroxidative injury. 19 The present study is the first to evaluate iron status of children with PKU by evaluating serum TFR concentrations. According to Anttila et al., 24 serum TFR concentrations Ն 9000 g/L and serum ferritin concentrations Ͻ 12 g/L indicate iron deficiency. Storage iron is assayed by measuring serum ferritin concentrations that are elevated by inflammation and chronic disease, 18 whereas the transport compartment iron, not influenced by inflammation, is assayed by measuring serum TFR concentrations. TFR/ferritin ratios Ն 500 are also indicative of iron deficiency. 18 In this study, when TFR and TFR/ferritin ratios were used to determine iron deficiency, at study end, children in Groups I and III had the highest number of these indices above reference ranges despite the fact that no child in either group reportedly had a low iron intake. Although children in Groups I and III were older than Group II children and were expected to have lower mean TFR concentrations, they tended to have higher mean concentrations, suggestive of iron deficiency. According to Antilla et al., 24 body iron stores decreased in boys (13.7 Ϯ 0.05 years of age, mean Ϯ SEM at study end) during pubertal development, demonstrated by a decrease in serum ferritin and an increase in TFR concentrations. One male in each group in the present study was Ͼ 10 years of age at study end (Group I, 11.67 Table 4 Mean (Ϯ SEM) daily medical food and selected nutrient intakes by children by group e Percentage of means of 3-day diet diaries; during study, Group I children submitted 32 3-day diet diaries, Group II children submitted 60 3-day diet diaries, and Group III children submitted 56 3-day diet diaries. f Number and percent of 3-day diet diaries. NS, No significant differences.
Iron status in PKU assessed by transferrin receptors
years; Group II, 11.33 years; Group III, 12.16 years). Tanner development stage was not assessed at study end. However, because of the young age of these males, it is unlikely that pubertal development influenced iron status indices. Overweight has been associated with iron deficiency anemia. 25 In the present study, seven children were Ͼ 95th centile in weight (data not shown). A posthoc Pearson correlation was run between BMI z-scores and serum ferritin and transferrin receptor concentrations. No correlation was found (P ϭ 0.33, 0.21, ferritin and transferrin receptor, respectively).
Although a serum ferritin of Ͻ 10 g/L was used for the 3 Ͻ 6 year old children in the Third National Health and Nutrition Examination Survey and 3% had iron deficiency, none of 15 3 Ͻ 6-year-old children in the present study had a serum ferritin Ͻ 10 g/L and only 1 had a serum ferritin Ͻ 12 g/L. Of the 21 children in the present study in the 6 Ͻ 13-year-old range at study end, four had two indices of iron deficiency, a percentage with iron deficiency greater than found in this age group in the Third National Health and Nutrition Examination Nutrition Survey (1988 -1994). 26 
Table 5
Hemoglobin, hematocrit, ferritin, transferrin receptors, and transferrin receptor/ferritin ratios: Mean (Ϯ SEM) and percent outside reference ranges in children at baseline and study end by group Reasons for iron status indices suggestive of iron deficiency in a few children in view of reported excellent iron intakes could be multiple. First and foremost is the possibility that parents recorded all prescribed medical food, the primary iron source, as consumed when it was not. The child with a ferritin concentration Ͻ 12 g/L at baseline and study end failed to consume all medical food prescribed. Although inadequate reporting of medical food intake may have occurred in the present study, iron deficiency occurred in a small subsample of infants with PKU where recording of diet diaries was likely correct. 3, 27 Poor absorption of iron from diets containing only nonheme iron is another possible cause of iron deficiency. Alexander et al. 28 reported negative iron balance in children ingesting amino acid mixes or casein hydrolysate containing nonheme iron. Ascorbic acid improves nonheme iron absorption 29 and children in this study had intakes of vitamin C that did not differ and mean intakes were Ͼ 300% of RDI. Thus, vitamin C deficiency was not responsible for poor iron status. Frequent blood draws could also result in iron deficiency but were the same for the 3 groups of children. Alteration of iron metabolism in children with phenylketonuria may occur.
Serotransferrins normally contain two to three tyrosyl groups that are involved in the binding of iron. 30 Substitution of one amino acid for another in human transferrins has been observed and may directly affect the binding of iron or may affect protein conformation and thus indirectly affect the binding of iron. 30 Other metabolic reasons not yet explored may be responsible for iron deficiency and require study in a large group of children. Whatever the reasons for iron deficiency in children with PKU, we suggest that the clinical management of both infants and children include routine evaluation of iron status indices beginning at 6 months of age. Transferrin receptor and ferritin concentrations should be obtained in order that ratios may be calculated. Prevention or early treatment of iron deficiency may improve cognitive development and behavior of children with PKU. 9 -11 
Conclusions
Of 37 children with PKU undergoing nutrition management, 7 had an elevated TFR/ferritin ratio, 4 had elevated transferrin receptors, and 1 had a low ferritin at the end of a 1-year study. No child had a hemoglobin concentration indicative of anemia. Reasons for iron deficiency are unclear and may be multiple. However, early and frequent evaluation of iron status by assessing transferrin receptors, ferritin, and TFR/ ferritin ratios leading to iron therapy where deficiency is found may improve cognitive and behavioral outcomes of children with PKU.
